HCV is the most common blood-borne virus in the United States and is estimated to infect ~3% of the world's population. HCV's genome is a single-stranded, positive-sense RNA molecule; thus, after release of the genome into the cytoplasm, the first step of viral replication is translation of a single open reading frame to yield the viral proteins. The HCV genomic RNA is therefore similar to cellular mRNA, serving as the template for protein synthesis by translation machinery. However, unlike cellular mRNAs, which originate in the nucleus and are capped on their 5′ ends by 7-methylguanosine and polyadenylated on their 3′ ends (both important translation initiation signals), HCV genomic RNA is delivered directly to the cytoplasm lacking both a cap and a poly(A) tail (Fig. 1a) . As a result, translation of HCV RNA is initiated by a mechanism that differs substantially from the one used by the cell to translate its own mRNA. Specifically, HCV uses an IRES RNA at the 5′ end of the viral genome 1 to hijack the cellular translation machinery. The IRES RNA sequence is highly conserved among HCV isolates and genotypes 2,3 . This conservation underscores the importance of the HCV IRES RNA to the viral replication cycle and reflects the specificity of the interactions between the IRES RNA and the translation machinery.
a r t i c l e s HCV is the most common blood-borne virus in the United States and is estimated to infect ~3% of the world's population. HCV's genome is a single-stranded, positive-sense RNA molecule; thus, after release of the genome into the cytoplasm, the first step of viral replication is translation of a single open reading frame to yield the viral proteins. The HCV genomic RNA is therefore similar to cellular mRNA, serving as the template for protein synthesis by translation machinery. However, unlike cellular mRNAs, which originate in the nucleus and are capped on their 5′ ends by 7-methylguanosine and polyadenylated on their 3′ ends (both important translation initiation signals), HCV genomic RNA is delivered directly to the cytoplasm lacking both a cap and a poly(A) tail (Fig. 1a) . As a result, translation of HCV RNA is initiated by a mechanism that differs substantially from the one used by the cell to translate its own mRNA. Specifically, HCV uses an IRES RNA at the 5′ end of the viral genome 1 to hijack the cellular translation machinery. The IRES RNA sequence is highly conserved among HCV isolates and genotypes 2, 3 . This conservation underscores the importance of the HCV IRES RNA to the viral replication cycle and reflects the specificity of the interactions between the IRES RNA and the translation machinery.
Mechanistic studies of the HCV IRES have focused on how it assembles an 80S ribosome at the AUG start codon, and they have revealed a mechanism different from canonical translation initiation 4 . In the canonical pathway, the 5′ cap is recognized by the eukaryotic initiation factor 4F (eIF4F) complex, followed by binding of the 43S particle (which includes the 40S subunit; the ternary complex formed by eIF2, GTP and initiator methionyl-tRNA (eIF2-GTP-Met-tRNA i Met ); eIF3 and other factors). The subunit then scans the mRNA to locate the start codon, at which time factor release and 60S subunit association yield an 80S ribosome 5 . In contrast, the HCV IRES first directly binds the 40S subunit [6] [7] [8] [9] , then eIF3 and the ternary complex bind [10] [11] [12] ( Fig. 1b) . Subsequent GTP hydrolysis, eIF release and binding of a 60S subunit yield an 80S ribosome placed directly at the start codon 13, 14 . In addition, the HCV IRES can, under conditions of cellular stress, use eIF2-independent pathways to generate 80S ribosomes 15, 16 .
The function of HCV IRES is conferred by its structure. The IRES adopts an extended global architecture 17 , within which specific RNA structural domains drive different steps of 80S ribosome formation 18 ( Fig. 1c) . Domain III binds the 40S subunit and eIF3 (refs. 6,7,19) ; domain IV provides the AUG initiation codon for interaction with the ternary complex 11, 12, 20 ; the pseudoknot is important for placement of the AUG in the 40S subunit decoding groove 21 ; and domain II (dII) is involved in eIF2-catalyzed GTP hydrolysis 14 , removal of eIF3j 13 , 60S subunit joining 11 and the configuration of RNA in the decoding groove 22 . These findings, combined with the observation that HCV IRES binding alters the conformation of the 40S subunit 23 , indicate that the IRES RNA is an active manipulator of the translation machinery, not just a binding site for the ribosome and factors.
Among the aforementioned IRES domains, dII is particularly notable: it induces changes in the conformation of the 40S subunit 23 , and it docks within the ribosome's decoding groove to interact with ribosomal protein rpS5 (refs. 24,25) , which is known to contact E-site tRNA [26] [27] [28] . We therefore set out to study the role of dII subdomain dIIb, the part of the IRES that penetrates deep into the ribosome's decoding groove. We have discovered that dIIb mutations alter the conformation of the IRES-40S subunit complex and inhibit the first round of ribosomal translocation. The modeled position of this domain (adjacent to rpS5) suggests this effect may be due to altered contact with rpS5. This is, to our knowledge, the first evidence that a step after 80S ribosome assembly is directly a r t i c l e s influenced by the HCV IRES, and it may have implications for the understanding of translation initiation in general.
RESULTS

IRES dIIb affects the rate of protein synthesis
We have previously reported that mutation of the dIIb apical loop (Fig. 1d) changes the configuration of the HCV RNA in the decoding groove of 40S subunit-HCV IRES RNA complexes and reduces IRES-driven protein synthesis 22 . This is consistent with other studies showing that dIIb is important for HCV IRES-mediated translation initiation 11, 29, 30 . To monitor protein production as a function of time, we measured the ability of three IRES RNAs in which dIIb was mutated to translate a downstream luciferase (LUC) reporter sequence (uncapped and not polyadenylated) in rabbit reticulocyte lysate (RRL) over a 90-min time course (Fig. 1d,e) . All three dIIb mutants produced LUC at a rate that was slower than that of wild-type (WT) IRES RNA but faster than that of an IRES mutant lacking dII (∆dII). We observed differences in total LUC production after only 15 min (Fig. 1f) , and the mutants continued to make protein at a roughly constant rate but more slowly than WT. These results indicate that the activity of the IRES with dIIb mutations is inhibited but not abolished. Assuming identical rates of elongation and ribosome termination on each RNA sample, we conclude that the dIIb mutations slow, but do not halt, translation initiation.
IRES-40S subunit complex conformation is influenced by dIIb
Cryo-EM reconstructions of HCV IRES-40S subunit complexes show that binding of full-length WT HCV IRES induces structural changes in the subunit, but the ∆dII mutant does not cause this conformational change 23 . This raised the question of what the conformation of the 40S subunit would be when bound to the dIIb mutant RNAs generated for this study. To answer this, we visualized IRES RNAs with the apical GCC (nucleotides 82-84) in dIIb deleted (∆GCC) in complex with the 40S subunit by EM, using both negative staining (to assess sample purity, homogeneity and concentration) and cryo-EM (to generate a three-dimensional (3D) structure) (Fig. 2a) . We obtained the reconstruction of the complex at a resolution comparable to previous HCV IRES-40S subunit reconstructions (17-20 Å) 23 . Comparison of the ∆GCC IRES-40S subunit and WT IRES-40S subunit structures revealed notable differences in the position and orientation of IRES domains and in the conformation of the 40S subunit (Fig. 2b) . Specifically, in the mutant, dII did not loop away from the subunit's surface to contact the side of the head and enter the decoding groove; rather, it lay across the platform. This change in the position of dII was accompanied by a rotation of the overall IRES orientation relative to the body of the 40S subunit. This cryo-EM structure does not eliminate the possibility that the IRES location and conformation is an average of several similar structures. In other words, the GCC deletion might cause the conformation of the IRES and its position on the 40S subunit to be more dynamic, which could explain why structural features visible in the WT IRES are not seen in the ∆GCC IRES and why the IRES appears to be rotated relative to the subunit. However, this possibility does not affect the conclusion that this relatively small deletion mutation at the tip of dIIb alters the IRES-40S subunit interaction, which is consistent with our observation that the ∆GCC mutation lowers, but does not eliminate, IRES activity. When the 40S subunit was bound to the ∆GCC mutant IRES, some features of its conformation were similar to the WT IRES-bound state, but some were markedly different. In both states, the latch formed between ribosomal RNA (rRNA) helices 18 and 34 was closed (this latch is open in apo-40S) 23, 31 . However, the entry site (where mRNA enters the decoding groove) was much more open in the ∆GCC mutant IRES complex; this feature was clearly visible in class averages assembled from individual particle images (Fig. 2a) . This result is consistent npg a r t i c l e s with a previous study showing that mutation of dIIb alters the configuration of the mRNA in the decoding groove 22 . In summary, the dIIb mutant IRES binds the 40S subunit using the same side of the subunit as the WT IRES. But the structures are considerably different; thus, deletion of the apical nucleotides of dIIb substantially affects the global conformation of the complex. These changes are different from those caused by ∆dII 23 , suggesting that mutation of dIIb perturbs translation initiation differently from the ∆dII mutation.
dIIb influences a step after 80S ribosome formation
The structure of the mutant IRES-40S complex and the translation initiation efficiencies of all three dIIb mutants raises the question of 23 . Bottom, crystal structure of 40S subunit from Tetrahymena thermophila 32 (yellow) and the NMR structure of HCV IRES dII 33 (purple) placed into the cryo-EM reconstruction (not shown). RpS5 is shown in green. (d) Comparison of the orientation of E-site bound tRNA (blue) and HCV IRES dII (purple) within the decoding groove. The position of dII was determined on the basis of the model shown in d 22, 24 , and the E-site tRNA position, from a crystal structure of the T. thermophilus 70S ribosome 55 . rpS5 (rpS7 in bacteria) is shown in green, and its β-hairpin and the tRNA anticodon (AC) loop are indicated. (e) Close-up view of the position of dIIb (purple) near the β-hairpin of rpS5 (green). The nucleotides that were mutated in this study are shown in blue. npg a r t i c l e s which step in initiation is affected by these mutations. Removal of domain II or replacement of the entire dIIb apical loop with an ultrastable UUCG tetraloop has been reported to inhibit 80S ribosome formation 11, 12, 14 , which suggested that our targeted dIIb mutations would do the same. To test this, we assayed ribosome assembly in RRL, separating the resultant ribosomal complexes by ultracentrifugation in a sucrose density gradient. Consistent with previous reports 11 , we observed robust 80S formation with WT IRES and minimal 80S formation in the ∆dII mutant after 15 min (Fig. 3a) . However, contrary to our expectation, all of the targeted dIIb mutants were as efficient as WT IRES RNA at forming IRES-40S complexes, IRES-48S* complexes (asterisk denotes complex formed by a noncanonical pathway) and IRES-80S ribosomes (Fig. 3a) . This result indicated that these mutations do not inhibit the formation of 80S ribosomes on the HCV IRES RNA. Furthermore, we observed no difference in the rate of 80S formation between dIIb mutant and WT IRES during a 10-min time course (Fig. 3b) . These data, combined with the translation initiation data (Fig. 1e) , confirm that mutation of dIIb does not inhibit 80S ribosome formation on the IRES. Thus, we conclude that the altered position of the ∆GCC mutant IRES RNA on the 40S subunit and the different conformation of the 40S subunit (relative to the WT IRES-40S complex) can support 80S ribosome formation, but some subsequent event is slowed by mutation of dIIb.
Modeled local interaction between dIIb and rpS5
To determine which interactions of dIIb with the ribosome are disrupted by mutation, we modeled the placement of dII on the ribosome by docking a 40S subunit structure 32 and the structure of dII 33 into the cryo-EM density of the complete WT HCV IRES-40S subunit complex 22, 23 (Fig. 3c) . Our placement of dII is consistent with a previously published model based on an IRES-80S complex 24 , with additional detail provided by the crystal structure of a 40S subunit. We compared our model with the crystal structure of a bacterial ribosome bound to tRNAs to determine how similar the contacts with the 40S subunit are between our modeled dII and a bound E-site tRNA (Fig. 3d) . We observed only one instance of overlap, at the anticodon loop of the tRNA and the modeled position of the HCV IRES dIIb, which are both positioned directly against the β-hairpin structure of rpS5 (or its bacterial homolog rpS7) (Fig. 3c) . Specifically, we observed that the mutated nucleotides in dIIb are directly adjacent to the rpS5 β-hairpin (Fig. 3e) . The modeled position of dIIb is consistent with observed cross-linking of dII to rpS5 (ref. 25) , with the previous IRES-80S ribosome model 24 and with the role of the β-hairpin in contacting tRNA [26] [27] [28] .
The putative location of our dIIb mutations adjacent to the β-hairpin of rpS5 suggests that they disrupt a specific contact between dIIb and rpS5. Previous chemical probing of these mutant RNAs showed no global change in IRES secondary structure, but it remains possible that the mutations change the overall structure of dII. To assess this, we characterized the structures of the dIIb mutant RNAs using NMR. We generated WT and mutant samples comprising nucleotides 76-100 of the HCV IRES (Fig. 4a) , which contain dIIb and are identical to RNAs used to solve the structure of dII 33 . Comparison of the one-dimensional 1 H spectra obtained in water showed very little difference in the chemical shifts or relative intensity of the peaks obtained for WT and mutant RNAs (Fig. 4b) . We observed the largest chemical shift in the imino protons of G87 and G88, which are adjacent to the apical loop of dIIb. The visibility of these imino proton peaks in all spectra indicates that base-pair formation is unaltered by dIIb mutation. U97   G90   G68  G67   G77  G87U95  G98   U78   U91   G71   G88  G75  U92  G82   G94 WT 
The spectrum of mutant ∆apexC (dIIb mutant with only apical C83 deleted) was most similar to that of the WT, suggesting that the ∆apexC mutation elicits the post-80S ribosome functional effect with the smallest change in loop structure. On the basis of our prediction that the single deleted nucleotide (C83) would contact the β-hairpin of rpS5 (Fig. 3e) , we selected this mutant for additional NMR experiments. When we overlaid the WT and ∆apexC spectra obtained by 2D 1 H-NOESY in water, the portions that contained the imino-imino cross-peaks overlapped almost perfectly, with the largest shift occurring at the G87 imino (Fig. 4c) . Likewise, we observed only small chemical-shift changes in spectra showing the cross-peaks between the imino and other protons (Fig. 4d) . For example, crosspeaks between the G87 imino and C79 amino protons were shifted but intense (Fig. 4d) , again confirming that this base pair at the base of dIIb still forms in the mutant RNA (Fig. 4e) . Changes to the spectra were limited to nucleotides adjacent to the deletion, showing the localization of structural changes to the dIIb apical loop. This result is consistent with published chemical-probing data, based on selective 2′-OH acylation analyzed by primer extension, for the ∆apexC and other mutant RNAs, in that changes in the chemical probing pattern were limited to the apical loop in the IRES-40S subunit complex 22 ( Fig. 4f) . Taken together, our data show that C83 deletion-and, we would predict, the other dIIb mutations shown in Figure 1 -induces a local structural perturbation that, we propose, disrupts dIIb interaction with the β-hairpin of rpS5 and is accompanied by a global change in the structure of the IRES-40S complex and the inhibition of a step after 80S ribosome formation.
AUG start codon placement is unaffected by dIIb mutations
To determine which step after 80S ribosome formation is affected by dIIb mutation, we first explored the possibility that the mutations cause incorrect placement of the AUG start codon. To test this, we used primer extension inhibition (toeprinting) analysis 10,34-36 on WT and dIIb mutant RNA in the unbound and 80S ribosome-bound states (the latter is formed in RRL with cycloheximide) (Fig. 5a , compare lanes 5, 7, 9 and 11 with 6, 8, 10 and 12). As expected, we observed no toeprint for unbound RNAs; however, when bound to the 80S ribosome, all mutants produced similar toeprints at nucleotide positions +15 and +16 downstream of the AUG initiation codon (where A is in position +1) (Fig. 5a,b) . This indicates that the AUG is properly positioned in all of these complexes and that the mutations probably affect a step after 80S ribosome assembly on the IRES.
dIIb mutants initiate in the correct reading frame
Mutations to the β-hairpin of rpS7 have been shown to increase frameshift rate 37 . We therefore considered the possibility that the dIIb mutants, by disrupting contact with rpS5, could cause frameshift during or after the first translocation event and, thus, an apparent decrease in translation. To test this, we conducted translation assays using reporters to which one or two nucleotides were added after the IRES start codon but before the start codon of the LUC open reading frame. If the ribosome sometimes slips out of frame on the dIIb mutant RNAs, the addition of these nucleotides would rescue a 1-or 2-nucleotide frameshift (Fig. 5c) . We did not observe a partial rescue (Fig. 5d) ; in fact, introduction of these nucleotides decreased npg a r t i c l e s translation efficiency even more than the dIIb mutations. Hence, the decreased translation initiation efficiency observed for the dIIb mutants is not caused by frameshifting.
dIIb mutation does not affect peptide bond formation
Because slowed initial peptide bond formation after 80S ribosome assembly would decrease the overall rate of protein production and explain a decrease in protein synthesis (Fig. 1e) , we hypothesized that dIIb mutations affect peptide bond formation. We tested the ability of 80S ribosomes formed on dIIb mutants to catalyze peptide bond formation using the aminoglycoside puromycin to accept an amide linkage from the amino acid on the P-site tRNA when the A site of the ribosome is vacant 10, 38 (Fig. 6a,b) . We generated 80S ribosome complexes in RRL supplemented with [ 35 S]Met using WT and dIIb mutant IRES RNAs truncated to end after the AUG start codon. The resulting 80S ribosome-IRES complexes contained [ 35 S]Met-tRNA i Met in the P site and a vacant A site. The amount of [ 35 S]Met transferred to added puromycin indicates the ability of the 80S ribosomes to catalyze peptide bond formation. We found that the dIIb mutant IRES-80S complexes formed peptide bonds as competently as complexes formed on WT IRES (Fig. 6c) . In fact, two of the mutants showed a reproducible increase in the production of the puromycin-Met product compared to WT, which is notable given that the location of dIIb and its putative interaction with rpS5 is ~100 Å from the peptidyl transferase center of the large subunit (Fig. 6d) . This result suggests that the dIIb mutations do not decrease peptide bond formation but have effects that are felt in distal parts of the ribosome.
The first translocation event is promoted by dIIb
We hypothesized that mutation of dIIb allows 80S ribosome formation and peptide bond formation but inhibits the first round of translocation, in which the P site-bound initiator tRNA and start codon AUG move to the E site. To test this hypothesis, we used toeprinting analysis to directly detect ribosome movement on the WT and mutant IRES RNAs. We conducted these assays in RRL and in the absence and presence of the antibiotic hygromycin B, which inhibits translocation 39 . In the absence of hygromycin B, all IRES RNAs produced a toeprint consistent with start codon placement in the P site of 80S ribosomes (Fig. 6e, lanes 5, 7, 9 and 11 ). We did not see stops caused by elongating ribosomes, probably because these ribosomes move to a position that prevents binding of primers or reverse transcriptase. We observed slightly higher toeprint intensity for the dIIb mutants than for WT IRES RNA, indicating that more 80S ribosomes were paused at this initial assembly location (Fig. 6f) . When present, hygromycin B captured ribosomes that had undergone one or two rounds of translocation, as indicated by the presence of toeprint stops at positions +20, +21 and +22 (Fig. 6e, lane 6) . In contrast, we did not observe these strong downstream toeprint stops on the mutant RNAs (Fig. 6e, lanes 8, 10  and 12 ). Again, we quantified multiple replicates to correct for loading differences and found that 80S ribosomes formed on dIIb mutants were npg a r t i c l e s slow to move from their initial positions (Fig. 6g) . Specifically, 33.3% of the WT RNA was left in an untranslocated state, whereas 54.9%, 58.0% and 62.0% of ∆GCC, ∆apexC and GCC-AUU (dIIb mutant with GCC at nucleotides 82-84 replaced with AUU) did not translocate, respectively. Thus, mutations in dIIb decreased translocation by ~50%, which is consistent with the activity measurements presented in Figure 1 . We conclude, therefore, that mutation of HCV IRES dIIb results in 80S ribosomes that have a reduced ability to undergo the first round of translocation. This suggests that an intact dIIb is needed for the first translocation step, at which initiation transitions to elongation.
DISCUSSION
We have found that mutations in the apical loop of dII of the HCV IRES inhibit the first translocation event after the formation of the 80S ribosome. HCV IRES-driven 80S ribosome formation and the first step of translocation can therefore be decoupled, indicating that dII has a function that is distinct from previously defined roles of HCV IRES domains. The involvement of dIIb in the first round of translocation could be explained by two broad mechanisms. First, the position of dII in the E site requires it to move to make way for the P-site tRNA to translocate, as evidenced in cryo-EM reconstructions of the HCV IRES bound to a 40S subunit and 80S ribosome 23, 24 . On the basis of cryo-EM reconstruction of the HCV IRES-80S ribosome, it has been suggested that contacts between a different portion of dII and the L1 stalk of the large subunit could facilitate dII displacement from the E site, but this IRES-ribosome contact and its potential function have not been investigated 24 . Also, a recent crystal structure of HCV IRES domain IIa bound to an inhibitor suggests that conformational changes in domain IIa or other parts of dII not studied here may effect movement of the domain from the E site 40 , but this has not been demonstrated functionally. In dIIb, mutations could potentially inhibit dII displacement, and this would slow translocation by sterically hindering the movement of tRNA. This 'failure-to-move' phenotype, then, could be ascribed to the loss of a specific IRES-rpS5 interaction necessary for dII ejection from the E site, although an analogous role for rpS5 in tRNA ejection has not been reported. This idea does not eliminate the possibility that the L1 stalk and dII conformational changes also help move dII. The second potential explanation is that dIIb actively promotes an event within the ribosome that is important for the first round of translocation-again, probably through a specific interaction of dIIb with rpS5 and subsequent conformational changes in the IRES-ribosome complex. Mutation of dIIb, then, might either interfere with this event or render the IRES unable to actively promote it. These broad mechanisms are consistent with our structural and functional data, and they are not mutually exclusive. Given that the HCV IRES dIIb is positioned to interact directly with the β-hairpin of rpS5, examining known functions of rpS5 (and bacterial ortholog rpS7) could give insight into how dIIb influences translocation. During elongation, rpS5 has a role in maintaining the reading frame and in overall fidelity 37, 41, 42 . In bacteria, truncation of the β-hairpin of rpS7 results in destabilization of the E-site tRNA and an increased number of frameshift and reverse translocation events 37 . However, our data show no evidence of frameshift induced by the dIIb mutants. Although not explicitly shown to be dependent on rpS5 or rpS7, the fidelity of aminoacyl-tRNA selection in the A site 43 was recently shown to be influenced by the presence of tRNA in the E site during elongation, but other studies find little or no evidence for this [44] [45] [46] . It seems unlikely, then, that the presence of dIIb directly influences entry of A-site tRNA. Overall, we find no known role for rpS5 that readily explains the observed effects of HCV IRES dIIb mutation, consistent with the notion that the IRES is co-opting this ribosomal feature to manipulate the complex in a noncanonical way or that rpS5 has a yet-undiscovered role in translation initiation.
Mutation of dIIb disrupts a putative interaction with rpS5, changes the structure of the IRES-40S subunit complex and inhibits the first translocation step. These observations suggest that a specific rpS5-dIIb interaction induces allosteric changes that propagate throughout the ribosome. Indeed, there is evidence for a network of interactions within the ribosome that could propagate allostery, and also for similar conformational changes induced by bound initiation factors eIF1 and eIF1A. Specifically, rpS5 interacts with rRNA helices 29, 30 and 42 (refs. 47,48) , and these helices interact with eIF1A 49 . Another network links rpS5 to the eIF1 binding site through rpS14 and rRNA helix 23 (refs. 41,50,51) . This is notable because binding of eIF1 and eIF1A induces a conformational change in the 40S subunit that strongly resembles the change induced by the WT HCV IRES 23, 31 , and eIF1A is known to act with eIF5B after 80S formation to commit the ribosome to elongation 52, 53 . This last point raises the possibility that the HCV IRES dIIb may induce the same effect as eIF1, eIF1A and eIF5B to promote a late step during initiation. This (speculative) notion is appealing because a minimal reconstitution of HCV IRES-driven translation initiation does not require eIF1 or eIF1A 10 , so dIIb could substitute for these absent factors. Although not a part of this study, higher-resolution structures of HCV IRES mutants in complex with 5′ 3′ E P A E P A Figure 7 Model of the role of dIIb in HCV IRES translation initiation. Top, simplified pathway for HCV IRES-driven initiation of translation up to 80S ribosome formation. This process includes 40S subunit binding, ternary complex (eIF2-Met-tRNA i Met -GTP) binding and eIF3 binding, then subunit joining and factor release. Bottom, the post-80S assembly events that we hypothesize occur within the newly formed 80S ribosome. dIIb (black) interacts with the β-hairpin of rpS5 (green; dashed box at left), and this favors a conformation that is able to accept the delivery of a tRNA into the A site (catalyzed by eEF1A) and the subsequent translocation (catalyzed by eEF2). We term this fully competent conformation 80S*. When dIIb is mutated (right), the local structure of the dIIb apical loop shifts toward an inactive conformation, and the productive interaction with rpS5 is lost (dashed box at right). This favors an 80S ribosome state that stalls before translocation. In our model, the active (80S*) and inactive (80S) states are in dynamic equilibrium, and the presence of an intact dIIb shifts the equilibrium toward 80S*, thus promoting progression to elongation. npg a r t i c l e s 80S ribosomes and chemical probing of the rRNA in these complexes before and after translocation could provide insight into the putative allosteric changes associated with this translocation-slowing phenotype.
We would like to propose the following model to explain the role of HCV IRES dIIb in events that occur within the IRES-ribosome complex before and during the first translocation step (Fig. 7) : first, the IRES assembles an 80S ribosome such that the ribosome is poised at the start codon with an initiator tRNA in the P site. Within this ribosome, dIIb contacts the β-hairpin of rpS5, thereby stabilizing the ribosome in a conformation that is conducive to translocation. Delivery of aminoacyl-tRNA to the ribosome by eukaryotic elongation factor 1A (eEF1A) and subsequent peptide bond formation are then followed by rapid and efficient eEF2-catalyzed translocation. In the dIIb mutants studied here, the mutation induces a local change in the apical loop structure that perturbs the interaction with rpS5, affecting 40S subunit conformation. The dIIb mutant IRES-40S complex is still capable of forming an 80S ribosome, but one whose conformational equilibrium is shifted such that its ability to translocate is inhibited. Although aminoacyl-tRNA may still be delivered to the A site and a peptide bond formed, the mutant-bound ribosome stalls at the start site. However, the ribosome samples conformations, so these ribosomes are not permanently stalled; rather, they occasionally sample a productive state in which they are able to translocate. In summary, our data support a model in which dIIb selects a productive state from the conformational ensemble, and ribosomes bound to IRESs with mutated dIIb spend more time in an unproductive state and transition to elongation less efficiently.
Our data open another door to understanding the intricacies of translation initiation and ribosome function. The ribosome is fundamentally a Brownian machine that samples many conformations-protein factors and tRNA binding shift the conformational equilibrium, providing efficiency and directionality. Thus, the ribosome is programmed to be manipulated by its binding partners. This inherent characteristic of the ribosome is crucial for canonical translation processes and allows subtle and robust regulation of ribosome function. Our results reveal that these principles are exploited by a single loop of the HCV IRES, supporting the view of the HCV IRES as a dynamic manipulator of the translation machinery and lending insight into how the translation machinery works in cap-dependent and cap-independent pathways.
METHODS
Methods and any associated references are available in the online version of the paper.
Accession codes. The cryo-EM map of the mutant HCV IRES-rabbit 40S subunit complex has been deposited in the Electron Microscopy Data Bank with accession number 5527.
